A novel stripping voltammetric method for the determination of non-redox ionic species is presented. Using choline ion (Ch + ) as an example, we demonstrate how a micro machined PVC-NPOE gel membrane can be used to accumulate Ch + ion under potentiostatic steady-state conditions. The amperometric stripping of the target ion can be carried out by any voltammetric method but we presently illustrate the principle using linear sweep voltammetry. The effect of accumulation time, accumulation potential and choline ion concentration has been examined. The present work also includes the quantitative study of an enzyme reaction generating choline, namely the reaction of calcium phosphocholine with alkaline phosphatase. With this experimental approach, µg ml -1 concentration level of alkaline phosphatase enzyme can be determined.
Despite the advances of electrochemistry at the ITIES (interface between two immiscible electrolyte solutions) over the last two decades, very few publications have addressed the problem of amperometric determination of non-redox ionic species. [1] [2] [3] Nevertheless, there has been some interest to use ion transfer reactions to follow enzyme reactions. [4] [5] [6] [7] [8] For example, ammonium produced during the enzymatic decomposition of urea by urease was detected by facilitated ion transfer reactions using the crown ether dibenzo-18-crown-6. 4, 7 Creatinine was assayed in a similar manner at a micro-interface by coupling the enzyme reaction of creatinine deiminase with the ion transfer process. 5 Vanysek and Behrendt have investigated the hydrolysis of acetylcholine by acetylcholinesterase at the water/ nitrobenzene interface to demonstrate an alternative assay for enzyme activity. 8 The butyrylcholine ion has also been monitored during its hydrolytic decomposition by the enzyme butyrylcholinesterase and sensed at the water/1,2-dichloroethane interface to assay pesticide levels. 6 The major difficulties when dealing with liquid/liquid interfaces stem from the mechanical instability of the interface and also from the high resistivity of the organic phase. To circumvent these two problems, it has been proposed by Senda et al. to solidify the organic phase by use of plasticized polymers 7, 9, 10 and by Girault et al. to use micro-interfaces. 4, 5 Recently, we have tried to combine these two approaches and we have developed organic gel electrolyte membranes supported on a laser micro-machined polymer film. We have shown that this combined use of an array of micro-interfaces and organic gel membranes gave very satisfactory amperometric conditions to measure the concentrations of non-redox ions. 11 The detection limit was that usually observed with steady-state methods and was of the order of 50 µM.
In this work, we further the concept and we present results obtained using a stripping voltammetric approach. As a non-redox ionic species we chose the choline ion. Choline and acetylcholine, which both are important neurotransmitters in mammals, have been studied at the ITIES by several authors [12] [13] [14] [15] , and in particular acetylcholine transfer across a polyvinylchloride-nitrobenzene gel/liquid interface has been investigated. 14, 15 Due to the growing needs for on-site clinical monitoring of the choline, enzyme modified amperometric sensors for the detection of choline using carbon microelectrode have been developed by Xin et al. 16 and the design of implantable choline and acetylcholine sensors using electrochemical method have also been attempted by several authors. [17] [18] [19] Stripping voltammetry has frequently been used for monitoring environmental and clinical trace metals either by anodic 20 or adsorptive stripping voltammetry. 21 These methods have an excellent sensitivity and ppb levels are routinely measured for heavy metals in aqueous solutions. Attempts to adapt the concept of stripping voltammetry at the ITIES have been reported by Samec et al. 22 In 1991, Senda et al. 23 investigated stripping voltammetry of the acetylcholine using micropipettes containing the organic phase and it was shown that stripping voltammetry could measure ion concentrations at micro molar levels by using a preconcentration of the acetylcholine in the nitrobenzene at the micro interface.
In this paper, development and characterization of a novel amperometric stripping voltammetry technique based on the polymer composite membrane at the micro-liquid/gel interface is presented. The determination of choline ion by the stripping voltammetric method from the enzyme reaction of alkaline phosphatase with the substrate calcium phosphocholine at the micro-interface is also discussed.
Experimental

Chemicals
The aqueous and organic phase solvents are deionized water (Milli-Q, Millipore, CH) and 2-nitrophenyloctyl ether (NPOE) (Fluka, CH) respectively. Lithium chloride (LiCl), magnesium chloride (MgCl 2 ) and choline chloride (ChCl) are supplied by Fluka (CH). High molecular weight polyvinylchloride is supplied by Sigma (CH). Tris buffer (pH=8) are prepared by mixture of Trizma ((tris(hydroxymethyl)aminomethane) hydrochloride) and Trizma base from Fluka (CH). Tetrabutylammonium tetrakis(4-chlorophenyl)borate (TBATPBCl) are prepared as described elsewhere.
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Calcium phosphocholine chloride and alkaline phosphatase from calf intestinal mucosa (1.05 U mg -1 ) are supplied by Fluka (CH). All reagents used were of analytical grade or better, with the exception of ChCl which is >97% purity.
Micro-machined composite polymer membrane
The membrane is formed of two polymer layers, a supporting film of polyethylene terephthalate onto which an electrolyte film containing polyvinylchloride-2-nitrophenyl octyl ether is cast. The polyester layer of 23 µm thickness (Melinex type "S" from ICI Films, UK) has a UV Excimer laser etched pattern of 66 circular micro-holes in one region. The entrance diameter of the micro-hole is 22 µm and the exit 13 µm due to the effect of the anisotropic etching. 24 The process of laser micro-machining and the preparation of the PVC-NPOE layer are performed as described in a previous report. 11 Here dual layer membranes are produced by casting a hot plasticized PVC mixture (5±2 µl), at a controlled temperature of 70 -80˚C, onto the laser machined PET film.
Electrochemical measurements
Electrochemical experiments are performed in a two electrode mode using the cell shown in Fig. 1 . The machined film is pasted onto a Teflon cylinder, which has a diameter of 0.75 cm and is sealed by a corresponding sealing cap using silicon sealant. A tetrabutylammonium ISE is used as the organic reference electrode. Stripping voltammetry and cyclic voltammetry are performed using a computer controlled potentiostat obtained from Sycopel Scientific Ltd., UK. The sweep rate in the present work is 20 mV s -1 (unless otherwise specified). All the above experiments are carried out at a room temperature of 23±2˚C.
Results and Discussion
Stripping voltammetry
All experiments of the present analytical procedure 72 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 are concerned with the accumulation of choline in the organic phase and the reverse transfer of choline from the micro-interface of the membrane to an aqueous electrolyte phase. The electrochemical system is illustrated in Cell 1 where the choline ion species is initially present in the aqueous electrolyte phase. Here, a polarized aqueous/membrane interface gives rise to a measurable amperometric current for the specific ion under study. Figure 2 illustrates the scheme of the present stripping method; (a) at the polarized interface, a cation in the aqueous phase transfers through the micro-hole array in the organic gel phase. (b) After a given time at the accumulation potential of E a , the species is accumulated in the gel layer. (c) The ionic species is stripped back from the gel to the aqueous phase using linear sweep voltammetry.
Here the diffusion-controlled rate of ion flux into the membrane is dependent upon the geometric structure of the micro-hole array interfaces and is divided into two main diffusion regimes (i) linear-flux and (ii) non-linear flux. During the ingress transfer of the ions into the membrane the non-linear (spherical) diffusion of ion flux controls the mass transfer and the diffusion-limited current for ion accumulation is given by a steady-state relationship which is similar to that derived for a solid micro-electrode 11 , but more importantly the accumulation current is directly proportional to the concentration of the target ion in the analyte. On the other hand, the egress transfer from the organic gel phase to the analyte is controlled mainly by the linear diffusion in the micro-hole considering that rather thick polymer films are used (23 µm) filled with viscous gel (see Fig. 2(d) ). The resulting linear sweep voltammogram therefore exhibits a pronounced stripping peak. ) is the increase in the stripping peak height when the accumulation potential is varied in a potential region around the half-wave transfer potential of about 500 mV which is estimated from the cyclic voltammogram (see Fig. 3 (a) ). At potentials greater than 600 mV, the ingress current is nearly steady state and in this case the stripping peak height varies much less with increasing accumulation potentials. At high accumulation potentials, a stripping peak for Li + can also be observed.
The relationship between the accumulation time and the stripping peak current has also been investigated for the same solution as shown in Fig. 4 for the accumulation times ranging from 0 s to 600 s. The stripping peak current increases with the preconcentration time but the growth is much slower after 60 s showing a saturation effect. Senda et al. who studied stripping voltammetry at the nitrobenzene/water interface using 73 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 micropipettes 23 have predicted that the stripping peak height should be proportional to the square root of the accumulation time, a consequence of Sand's equation 25 for an accumulation at a constant current. The present result does not appear to confirm this linear dependence for accumulation times. The saturation effect observed at longer times may be explained by the fact that ions require about 100 s to travel in the micro-tube where linear diffusion prevails to enter a zone of the gel where spherical diffusion prevails. The ions reaching this zone may not be stripped as efficiently as those present in the micro-tube. In any case, the results of Fig. 4 show that unlike at the mercury drop electrode, there is little to gain in increasing the accumulation after 100 s.
The stripping peak height increases with the sweep rate as shown in Fig. 5 . It would appear that a square root dependence is observed as in the case of semi-infinite linear diffusion controlled mass transfer. It is interesting to notice that the intercept is positive and is almost equal to the steady-state current (22.9 nA). Computer simulations are required to predict more precisely what kind of dependence to expect, especially with respect to the intercept and work is under way to quantify stripping voltammetry for the present system.
The stripping voltammetry concentration dependence for the choline ion transfer from 2.8% m/m PVC membrane to an aqueous phase is presented in Fig. 6 (a) using 60 s of preconcentration time at Ea=700 mV. The peak current plotted against concentration is found to be linear over the range of 1 µM to 100 µM a slope (I p /c w Ch +) of 358.5 nA mM -1 . These results indicate that the device can be reliably used in a two electrode mode and that a four electrode potentiostat is not required for this analytical application. However, the stripping peak current at low concentrations does not extrapolate to zero as it thought to be. This is due to the fact that the accumulation potential is set at 700 mV and at the potential at which the stripping peak height is measured there is a finite contribution from the Li + ion stripping peak. This current offset is therefore due to the fact that we do not subtract the Li + ion contribution. This is confirmed by the fact that replacing LiCl by MgCl 2 where Mg 2+ ion is more hydrophilic than Li + ion gives calibration curves with smaller offset. The detection limit of the membrane for both systems is found to be less than 5 µM in the conditions of Fig. 6 (a) and (b) . The results therefore confirm that stripping voltammetry lowers the detection limit by an order of magnitude compared to steady-state methods. Using pulse technique such as square wave or differential pulse should allow the detection limit to fall by yet another order of magnitude to the sub-micrometer level.
To illustrate how stripping voltammetry of a nonredox ion can be used to monitor an enzyme reaction, we shall now present some results of an assay of alkaline phosphatase, an enzyme often used as an amplification step in some bio-assays. From the results above, the conditions chosen for the determination of choline in solution are an accumulation time of 60 s and an 74 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 accumulation potential of 700 mV. These conditions will be used below for the enzyme assay.
Enzyme assay
Experiments using MgCl 2 and Tris buffer as an aqueous electrolyte phase are performed in order to analyze choline ion, which is the hydrolytic decomposition product of calcium phosphocholine by alkaline phosphatase (ALP). Both magnesium chloride and Tris buffer at basic pH are indeed required in the aqueous phase to maintain a good activity of the enzyme. 26, 27 Figure 7 (a) shows a stripping voltammogram obtained when the aqueous phase contains choline chloride in a Tris buffer solution at pH=8 (x=1 mM, y=10 mM, z=0) according to Cell 2. This result shows that it is possible to measure choline with this supporting electrolyte.
The dependence of the stripping peak current on the concentration of choline ion using Cell 2 in the pres- . Again, the non-extrapolation to zero is mainly due to the contribution of the combined background transfer of the magnesium, calcium phosphocholine and Tris buffer. The reproducibility of the present stripping voltammetric method has been estimated by recording 10 successive measurement for 0.1 mM choline. The mean value of the stripping peak current is 38.20±0.27 nA. Figure 7 (b) shows a stripping voltammogram obtained when the aqueous phase contains calcium phosphocholine chloride in Tris buffer solution at pH=8 (x=10 mM, y=10 mM & z=0). It is interesting to observe a stripping peak for a cation more hydrophilic than choline. We can only speculate on the nature of the transferring species, but is likely to be the transfer of the positively charged ion pair calcium phosphocholine. This suggestion is based on the low solubility of calcium phosphate in water. However, the buffer also transfers at high accumulation potentials and it is likely that the stripping peak attributed to the calcium phosphocholine may include some contribution from the buffer transfer.
The reaction of alkaline phosphatase with calcium phosphocholine substrate can be schematically written as: 75 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 transfer, x=50 mM and z=0.1 mM Ch + ion in the Cell 2 with 1 mM calcium phosphocholine, (b) without choline, x=10 mM, y=10 mM and z=0 using Cell 2, at Ea=700 mV and ta=60 s. Sweep rate=20 mV s -1 . Fig. 8 Stripping voltammograms obtained for the product choline ion transfer for varying the enzyme reaction time using Cell 3. x=1 mM, y=10 mM, w=10 mM, z=30 µg ml -1 .
Conditions are the same as in Fig. 9 . (i) and (ii) correspond to the peaks of choline and Ca-Phosphocholine, respectively.
(1)
where k 1 ,k 2 and k 3 are the rate constants. Calcium phosphocholine is the substrate and Ch + is the product. If the enzyme reaction obeys a Michaelis-Menten kinetics, the Michaelis constant K M =(k 2 +k 3 )/k 1 and the maximal rate V max can be obtained by measuring the reaction rate at different substrate concentrations. Figure 8 shows stripping voltammograms for the product choline ion using x=1 mM, y=10 mM, w=10 mM and z=30 µg ml -1 in Cell 3 during a total enzyme reaction time of about 34 min. Here the time record for the experiment is as follows: the stripping voltammograms are recorded after 10 s or 60 s reaction time. The stripping analysis requires 60 s of accumulation time and 32 s to record the voltammograms which have to be included in the reaction time. Therefore each measuring point corresponds to 102 s or 152 s.
As seen in Fig. 8 , the enzyme reaction causes a rise in stripping peak height of choline ion (i) and a gradual decrease of the stripping peak height of the substrate calcium phosphocholine (ii). Because the stripping peak current of choline is free from interference from the supporting electrolyte, choline production can be used to monitor the kinetic of the enzyme reaction.
In order to estimate K M and V max values experimentally, first the peak current of the product is plotted against the reaction time at different substrate concentrations varied from 0.1 mM to 20 mM at a constant concentration of ALP (30 µg ml -1 ) using Cell 3 (see Fig. 9 (a)) for a total enzyme reaction time of about 45 min. The time record for the experiment is the same as in Fig. 8 . From the plot shown in Fig. 9 (a) , it is then possible to calculate the value of V using the slope obtained from the relationship between the corresponding reaction time in Fig. 9 (a) and the product concentration, which is converted from the calibration curve (Fig. 6 (b) These values are approximately estimated as 2.6 mM for K M and 0.11 µM s -1 for V max from the plot of V as a function of the substrate concentration which obeys the Michaelis-Menten kinetics within the experimental error (±10%)(see Fig. 9(b) ). The experimental errors obtained are mainly due to the calculation at very low concentration level of the product from the calibration plot and the manual measurement of the reaction time. Figure 10 shows how stripping voltammetry could be used to assay enzyme concentrations, and it can be seen that ≈µg ml -1 concentration level of ALP can be effectively determined with optimum condition.
In conclusion, a reproducible and quantitative stripping voltammetry method based on the polymer composite membrane at the micro-interface has been developed and optimized. Using a controlled accumulation procedure, ≈µg ml -1 concentration level of alkaline phosphatase can be determined. The result has also shown that the present method can be used for the quantitative study of enzyme reaction. The method can be extended to an amperometric determination of ion species such as heavy metal, enzymatically generated ions, biological ions which can be driven in the micro- 76 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 
